The aims of this study were to characterize the alterations in total and free carbamazepine (CBZ) and total and free carbamazepine-epoxide (CBZ-EPO) clearances during pregnancy; to calculate the change in free fractions of CBZ and CBZ-EPO during pregnancy; and to determine whether seizure worsening is associated with a low ratio to non-pregnant baseline concentration of total or free CBZ or CBZ-EPO. Women on CBZ were enrolled before conception or during pregnancy in this prospective, observational study. Concomitant medications and seizure frequency were recorded. Serum total and free CBZ and CBZ-EPO were collected at each visit. Changes in clearance of all four compounds and free fractions of CBZ and CBZ-EPO were compared to nonpregnant baseline. During pregnancy, the ratios to baseline concentrations of total and free CBZ
and CBZ-EPO were compared for months with and without increased seizure frequency. Total and free CBZ and CBZ-EPO clearances were calculated in 15 pregnancies in 12 women. Clearances did not change for any of these compounds during pregnancy. The free fraction of CBZ increased from 0.23 at baseline to a maximum of 0.32 in the third trimester (p=0.008), In the six women on CBZ monotherapy with adequate seizure diaries and blood sampling, seizure worsening did not correspond to a ratio to baseline concentration of less than 0.65 for total or free CBZ or CBZ-EPO. In conclusion, total and free CBZ and CBZ-epoxide clearances did not change substantially during pregnancy, and seizure frequency worsening was not associated with decreased concentrations of total or free CBZ; therefore, therapeutic drug monitoring may not be necessary for all women on CBZ during pregnancy. Further studies with larger sample sizes are needed before definitive recommendations can be made. CBZ monotherapy may be a relatively safe and cost effective treatment option for women with focal epilepsy syndromes during pregnancy. Keywords epilepsy; pregnancy; carbamazepine; seizure; clearance; free carbamazepine
Introduction
Approximately three to five births per thousand are to women with epilepsy [1] . Carbamazepine (CBZ) is a viable and important option for women with focal epilepsy during their childbearing years due to its low cost, wide availability, relative safety for fetal outcomes, and effectiveness during pregnancy.
CBZ is one of the most widely available anti-epileptic drugs internationally, available in 92 of the 114 countries on which data is available [3] , and is relatively inexpensive compared to many of the newer AEDs. Recent reports of the rate of major congenital malformations in children born to women on CBZ include a rate of 3.0% (95% confidence intervals (CI) 2.1-4.2%) in the North American AED pregnancy registry study for all doses [4] , and a rate of3.4% (95% CI 1.11-7.71%) for low-dose CBZ in the International Registry of Antiepileptic Drugs and Pregnancy (EURAP) study [5] . However, EURAP did report higher rates of 5.3% (4.07-6.89%) and 8.7% (5.24-13.39%) in the intermediate-and high-dose CBZ groups [5] . The risk of poor neurodevelopmental outcomes is low with in utero CBZ exposure; at age 6 years old, the adjusted mean intelligence quotient (IQ) was 105 (95% CI 102-108) for the CBZ group compared to the population normative IQ score of 100 in the neurodevelopmental effects of antiepileptic drugs (NEAD) study [6] .
CBZ is 70-80% protein-bound in the non-pregnant state, and the major route of metabolism is the hepatic cytochrome P450 3A4 isoenzyme. The increase in plasma volume during pregnancy, combined with a relative decrease in the concentration of the major binding proteins albumin and alpha-1-acid glycoprotein during pregnancy, have the potential to affect total and free (unbound) CBZ levels in different patterns [7, 8] . CBZ is metabolized to carbamazepine 10,11-epoxide (CBZ-EPO), which is considered not only an active anticonvulsant but also has potential for structural and neurodevelopmental teratogenic effects [8] .
While some antiepileptic drugs (AEDs) such as lamotrigine (LTG) are now known to have greatly increased clearance and subsequent decrease in serum levels during pregnancy requiring dose adjustment to prevent seizure worsening [2] , data regarding change in clearance of CBZ not as well characterized. Reports of total CBZ levels vary from no change to a 42% decrease; changes in free CBZ from no change to 28% decrease; and clearance of CBZ has produced mixed results ranging from −11% to +27% [9, 10, 11, 12, 13] . The largest study of patients on CBZ monotherapy (n=35) reported a decrease in total CBZ concentration (from 23.9uM to 21.0uM), with no change in free CBZ levels, from baseline to the third trimester [12] . This study of 35 women on CBZ did not examine total or free CBZ-EPO [12] .
Reports of seizure control during pregnancy agree that most (54-80%) women with epilepsy have unchanged seizure frequency, although seizure frequency increases in 14-32% of pregnant women [14] . Potential changes in the clearance of AEDs during pregnancy prompted studies evaluating the possible association between seizure worsening and changes in maternal AED concentration compared to the preconception baseline. A ratio to non-pregnant baseline concentration of ≤0.65 has been correlated with increased seizure frequency during the second trimester for LTG monotherapy and for all AEDs combined [2, 15] . No correlation between lower CBZ levels during pregnancy and worsened seizure control has been identified.
CBZ is highly effective during pregnancy. Investigators from EURAP reported that for the women on CBZ monotherapy, 67.3% remained seizure free compared to 58.2% of women on LTG monotherapy, and worsening seizure control in the second and the third trimesters compared to the first trimester was more common in pregnancies exposed to LTG (19.9%) than in those exposed to CBZ (14.6%) [16] . Additionally, women on CBZ had the dose increased and/or another AED added in only 16.7% of pregnancies, compared to a dose increase and/or other AED added in 35.2% of pregnancies on the other AEDs studied (VPA, PB, and LTG) [16] . However, given the magnitude and design of this pregnancy registry, no information is available on serum drug levels or the reasons for making treatment changes. Findings from this current study can help elucidate the potential reasons for the low percentage of women on CBZ requiring a dose increase or addition of another AED, as well as the low percentage of women with seizure worsening.
Methods

Study population
Women with epilepsy or a movement disorder who were planning to conceive or pregnant (<16 weeks gestation) were enrolled in a prospective observational investigation of the pharmacokinetic alterations in AEDs during pregnancy at the Emory Clinic. The Institutional Review Board of Emory University School of Medicine approved the study. Written informed consent was obtained. The current analyses were restricted to women who chose to continue CBZ during pregnancy. Subjects were excluded for uncontrolled thyroid disease, severe anemia, ethanol or illicit drug use, renal or hepatic dysfunction, known poor AED compliance, age <17 years, active suicidal ideation, progressive cerebral disease, or inability to keep a seizure calendar. Only subjects with three or more blood collections in at least two or more time intervals (non pregnant baseline, first trimester (<14 weeks gestation age [GA]), second trimester [14-28 weeks GA], and third trimester [>28weeks GA]) were included.
Study design
Women were enrolled at various gestational ages (GAs) including preconception, and follow-up visits occurred every 1 to 3 months during pregnancy and the first postpartum year. Daily calendars were kept for concomitant medication exposure, any missed doses, and the number and type of seizures. At each visit, a neurological examination was performed, the daily seizure-medication calendars were reviewed, and intervening illnesses or obstetrical complications were recorded. Maternal blood was collected at each study visit and occasionally at obstetric offices, with recording of number of hours since the last dose of AED. Obstetrical and delivery records were obtained and reviewed.
The study protocol did not dictate clinical care decisions. The primary management of seizures and CBZ dosing was assumed by the project principal investigator and epileptologist (P.B.P.). Results from clinically-obtained CBZ serum concentrations were actively used for therapeutic drug monitoring (TDM). Recommendations to adjust AED dosages were made according to the patient's seizure types, epilepsy syndrome, seizure frequency, history of medication-related side effects, and what was considered that individual's target concentration based on all of these factors. GA of pregnancy and hours post dose when the sample was collected were also considered.
Laboratory measurements
Maternal blood collected via standard venipuncture centrifuged at 2,750rpm at 3°C for 10 minutes, and the serum was stored in 300-μL aliquots in polypropylene tubes and stored at −80°C until assay. Maternal sera samples were assayed for total and free CBZ, and total and free CBZ-EPO concentrations using the high-resolution high-performance liquid chromatography with ultraviolet detection method supplied by Chromsystems, GmbH (Munich, Germany). The batched assays were performed by technologists masked to the patients' identities and AED doses. On the day of measurement samples were thawed at room temperature and then mixed and incubated at 370C for 30 minutes. For free drug determination of each compound 500 μL of sample was placed in an Amicon Ultra microfilter (3,000 molecular weight cutoff, Millipore Inc., Billerica, MA) and centrifuged at 3500xG for 30 minutes at 370C. 100 μL of the ultrafiltrate was then extracted as per the kit procedure. For the unbound samples 40 μL was injected onto the HPLC rather than the usual 20μL. The assay was performed using an HPLC column supplied with the kit on an Agilent 1100 HPLC system. The limit of detection of all compounds (bound or free) was 0.5 ug/mL. Intra-assay imprecision was <4.0% and inter-assay imprecision averaged <6.0% (n=20, at three levels).
Data analysis
CBZ, free CBZ, CBZ-EPO, and free CBZ-EPO clearance-Given that oral bioavailability could not be calculated from this population pharmacokinetic approach, we calculated apparent oral clearances (Cl) for total and free CBZ and CBZ-EPO.
Clearances were compared between different stages of pregnancy: nonpregnant (preconception or >6 weeks post-partum), first trimester (<14 weeks GA), second trimester (14-28 weeks GA), and third trimester (>28weeks GA). For those who were already pregnant at enrollment, baseline (nonpregnant) clearances were calculated from postpartum samples collected from non-lactating women at more than 6 weeks following delivery. To investigate the change in clearance, two methods were used: 1) Clearances were compared for all measurements of each compound separated by stage of pregnancy using single-factor analysis of variance (ANOVA). 2) For verification of differences identified with ANOVA, Wilcoxon was used to compare clearances between baseline and each trimester for each woman and between trimesters. For patients who had more than one serum measurement in a trimester, the median measurement was used for comparison. An adjustment term was used for hours post dose as the time the sample was drawn was not standardized. A Bonferroni correction was used for multiple comparisons to determine significance.
Additionally, CBZ and free CBZ-EPO fractions were compared between nonpregnant baseline and each trimester and between each trimester, using single-factor analysis of variance (ANOVA).
Analysis of CBZ therapeutic drug monitoring and seizure frequency
For patients for whom adequate baseline information about seizure frequency and CBZ concentrations were available, we examined the association between CBZ (total and free, and -EPO) levels and seizure frequency. For this study, seizures with alteration of awareness were examined due to clinical relevance for medication adjustment.
Ratio of measured concentration to baseline concentration was calculated for each measurement (for total and for free CBZ). As ratio to baseline of less than 0.65 was previously found to correspond to an increased risk of seizures in patients on LTG and a variety of AEDs, data was examined using ratio to baseline of 0.65 or less as a hypothetical risk for increased seizures [2, 14] . For each month of participation in the study, we coded the relative frequency of all types of seizures as 1 if the frequency was greater than the baseline monthly frequency (averaged over the previous non-pregnant 12 months) and 0 otherwise. Drug concentrations during months with increased seizure frequency were compared to serum concentrations of months with no increase in seizure frequency.
In addition, receiver operating characteristic (ROC) curves were constructed for each compound. Reduction of the ratio to baseline below some threshold was viewed as a positive test for diagnosing increased seizure frequency. The ROC curve was obtained by plotting true-positive versus false-positive rates and examined for any threshold ratio to baseline with high sensitivity and specificity (>75%).
Results
Overall 36 pregnancies involving 32 women treated with CBZ during pregnancy were enrolled in the study. A total of 17 pregnancies in 14 women had three or more blood measurements during two or more stages of pregnancy or non-pregnant baseline and included in the present analyses. Two pregnancies in two women were excluded from further analyses because they were being treated with interacting concomitant medications. Fifteen pregnancies in 12 women, encompassing 150 serum samples, were used for clearance analyses (see Figure 1 ). If a woman had more than one sample within 24 hours, the median was chosen. Characteristics of patients in study are shown in Table 1 . Details of patients' seizure types and epilepsy etiology are shown in Table 2 .
Change in Clearance
There was no significant change in clearances for total or free CBZ or total or free CBZ-EPO using ANOVA (see Figure 2 ).
Pair-wise comparison of the median clearances for each time period and at baseline found a decrease in clearance of free CBZ from baseline to trimester 1 (p=0.03), but did not remain significant after Bonferroni correction (threshold of significance p<0.05 prior to Bonferroni correction, and p<0.004 after Bonferroni correction); comparisons for total CBZ, and for total and free CBZ-EPO did not reveal significant changes between any time point.
ANOVA comparison of time periods showed a significant increase in the free CBZ fraction over time in pregnancy, from 23% at baseline to 32% in the third trimester (p=0.008) ( Figure 3 ). There was a trend towards increase in free CBZ-EPO fraction from baseline to the first trimester (56% to 71%) but was not significant.
Seizure control and drug levels
Prospective and complete seizure tracking was available in nine women with epilepsy for analysis of seizure frequency on CBZ monotherapy. Of those nine, three women (33%) were seizure-free during the 12 months prior to pregnancy (and remained seizure free throughout pregnancy). Seizures with alteration of consciousness were examined due to clinical relevance. Two women (22%) had increased seizure frequency during the overall pregnancy. Three had fewer seizures than at baseline, and four had stable seizure frequency. Of the seven women with a history of generalized seizures, only one had generalized seizures during pregnancy.
Ratio of measured concentration to non-pregnant baseline concentration was calculated for each measurement (for total and for free CBZ and CBZ-EPO) for the six women with seizure data and multiple serum measurements during pregnancy and at baseline. Only one patient had increase in seizure frequency corresponding to total CBZ ratio to baseline <0.65. This occurred at patient's nadir of total CBZ ratio to baseline 0.4 at delivery. No patient had a free CBZ ratio to baseline of <0.65. There were nine measurements (in three women) with free CBZ ratio to baseline<1, however this was not predictive of an increase in seizure frequency.
Five women had total CBZ-EPO concentrations below baseline, and four women had free CBZ-EPO concentrations below baseline, however the nadirs of total and free CBZ-EPO did not correspond to months with increased seizures. Receiver operating characteristic (ROC) curves for each compound using ratio to baseline cutoff of 0.65, and additionally examined using cutoffs of 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0, found no ratio to baseline with both high sensitivity and high specificity (≥75%).
Discussion
CBZ remains an important medication for women with epilepsy during pregnancy, and is one of the lower teratogenic options in many countries internationally. While current AAN Practice Parameter guidelines are to consider therapeutic monitoring of CBZ during pregnancy [1] , TDM may not be feasible in all clinical settings. The current results do not support therapeutic drug monitoring of CBZ during pregnancy, which if found to be unnecessary in larger future studies has the potential to make CBZ a more favorable choice for women of childbearing age in areas where TDM is not possible.
Free CBZ is more clinically relevant than total CBZ, as only the free portion crosses the blood-brain barrier. Similarly, only free CBZ crosses the placental barrier and is more clinically relevant for fetal exposure [17] . The results from this small prospective cohort showed a significant increase in the free CBZ fraction throughout pregnancy, with a concomitant trend toward a decrease in clearance of free CBZ from baseline to early pregnancy, although not statistically significant after Bonferroni correction factor.
This study did not demonstrate a significant change in the clearance of total CBZ or free or total CBZ-epoxide throughout pregnancy. This finding is consistent with findings from prior studies [9, 10, 11, 12, 13] , which have not consistently shown an increase in clearance, and in accordance with the largest study to date, which demonstrated little change for total and free CBZ [12] . This outcome provides a plausible explanation for the finding of the recent EURAP study that women on CBZ had the lowest rate of dosage increase or augmentation with a second AED during pregnancy compared to VPA, PB, and LTG. The clearance of CBZ and CBZ-10,11-epoxide shows minimal change during pregnancy, and there is evidence of an increase in the free drug. In combination, this would potentially provide protection from seizure worsening in women treated with CBZ. This is in contrast to AEDs in which clearance changes significantly, such as LTG in which total and free clearance increases significantly throughout pregnancy [2] .
This study did not show a relationship between low total or free CBZ or total or free CBZ-EPO concentrations and increased seizure frequency. Given the limitations of pharmacokinetic research in pregnant human subjects including the need to limit the volume of blood drawn, weekly or more frequent sampling such as that used in traditional pharmacokinetic research is not possible. Other studies of other AEDs using the same design and similar frequency of sampling have found a relationship between increased seizures and lower ratio to baseline concentrations [2, 15] , implying that even without weekly sampling true effects could be detected by this method which mirrors typical clinical practice.
The limitations of the current study, including small size, point to the need for future large studies with more formal pharmacokinetic monitoring.
Conclusions
This study provides additional characterization of pharmacokinetic alterations during pregnancy of total and free CBZ, and especially of total and free CBZ-EPO. Due to the lack of change in total or free CBZ or CBZ-epoxide clearance and the absence of effect of serum concentrations on seizure control, CBZ may be a particularly favorable treatment option in women with focal seizures during pregnancy when limited resources dictate that therapeutic drug monitoring is not accessible or affordable. Confirmation of these findings in a larger prospective, multicenter study is warranted prior to definitive recommendations regarding the utility of therapeutic drug monitoring of CBZ during pregnancy.
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